An efficient Multidisciplinary Design and Optimization (MDO) framework for an aerospace engineering system should use and integrate distributed resources such as various analysis codes, optimization codes, Computer Aided Design (CAD) tools, Data Base Management Systems (DBMS), etc. in a heterogeneous environment, and need to provide user-friendly graphical user interfaces. In this paper, we propose a systematic approach for determining a reference MDO framework and for evaluating MDO frameworks. The proposed approach incorporates two well-known methods, Analytic Hierarchy Process (AHP) and Quality Function Deployment (QFD), in order to provide a quantitative analysis of the qualitative criteria of MDO frameworks. Identification and hierarchy of the framework requirements and the corresponding solutions for the reference MDO frameworks, the general one and the aircraft oriented one were carefully investigated. The reference frameworks were also quantitatively identified using AHP and QFD. An assessment of three in-house frameworks was then performed. The results produced clear and useful guidelines for improvement of the in-house MDO frameworks and showed the feasibility of the proposed approach for evaluating an MDO framework without a human interference.
Introduction
Many efforts have been made to develop an effective design framework for the system of aerospace vehicles. One of the important features of an effective design framework is a multi-disciplinary analysis/design. With the ever increasing complexity of aircraft systems and system requirements, Multidisciplinary Design Optimization (MDO), which simultaneously takes into account all the disciplines participating in the design and provides essential information for a designer to execute the key trade-offs between mutually dependent design elements, has the advantages of reducing time and costs compared to serial design approaches. MDO was originally developed for designing aircraft and has more recently been applied to diverse design applications including ship building and automobile engineering. 1, 2) Meanwhile, active ongoing investigations have more recently focused on the development of an MDO framework which ensures the fundamental function of multidisciplinary design and additional advanced features such as high fidelity analysis and design, automation of the design process, a simultaneous group collaboration environment, etc. For example, an efficient MDO framework requires the organization of various analysis tools and other resources, local and global optimization aids, Computer Aided Design (CAD) software, Database Management Systems (DBMS) and user-friendly Graphical User Interfaces (GUI). They also require an appropriate framework system manager which integrates all these elements and conducts the design process conveniently and efficiently.
Actually, several works on developing MDO frameworks in response to these requirements have been carried out. [3] [4] [5] They include some previous researches from Konkuk University on an unmanned aerial vehicle (UAV) design framework using ModelCenter, 6, 7) a Multidisciplinary Aircraft Design and Evaluation (MADE), 8) an intelligent Furnace Designer (iFuD), 9) and a Missile Design Framework (Missilegear). 10) Most recently a web based MDO framework, Problem Solving Environment Portal (PSE), 11) is under development. The PSE portal for MDO will be designed to provide users with a convenient and efficient way to utilize design resources and services. The PSE portal will comprise transparent and efficient web interfaces which allow users to solve specific problems with relative ease. Using web browsers, the PSE portal will offer a collaborative environment for designers scattered over remote locations. It will also allows the integration of design resources via the Internet ensuring fast and reliable transmission of large amounts of data using web service-based GT4, a standard technology for distributed middleware. 12) On the other hand, based on the experiences from the previous and the on-goring research, the authors have realized the need for a systematic analysis/evaluation method for developing an effective MDO framework since the MDO framework itself these days has become a very complex system which consists of many different elements providing multiple functions to satisfy various user requirements. An evaluation of a framework for High Speed Civil Transport (HSCT) design optimization was performed by Krishnan. 13) He identified fifteen assessment items for the framework evaluation. An analysis of MDO frameworks has also been Ó 2010 The Japan Society for Aeronautical and Space Sciences made by the authors. Using assessment items similar to those which were proposed by Krishnan and modified regarding the items, three different types of in-house MDO frameworks are analyzed and compared. 14) They are: single PC-based, PLinda-based and PSE Portal MDO frameworks.
However, since the assessment items have inherently non-quantitative specifications, the reliability of the evaluation was imperatively degraded due to a human interference or personal bias during a decision making process that is traditionally carried out by an evaluator based on their intuition and experience. Thus, the major objectives in this research are to develop a logical framework analysis approach that minimizes human interference through the incorporation of two well-known decision making methods-Analytic Hierarchy Process (AHP) 15) and Quality Function Deployment (QFD), 16) -to quantify the evaluation of the nonquantitative framework specifications and, consequently, to provide both a reference MDO framework and guidelines for developing an MDO framework for aerospace vehicle design.
This paper is organized as follows. Section 2 presents a brief introduction to two representative commercial MDO frameworks and a comprehensive summary of previous researches in the field of MDO frameworks carried out at Konkuk University. In particular, some detailed descriptions of the architecture and implementation of the PSE portal for MDO will be presented in Section 2. Section 3 describes the proposed framework analysis process after a brief introduction to AHP and QFD. The detailed implementation and the results of MDO framework analysis using the proposed method will be discussed in Section 4 followed by the conclusion in Section 5.
MDO Frameworks
Several research platforms and commercial tools for MDO exist. In this section, we provide a brief overview of two representative commercial and three in-house MDO frameworks.
Commercial MDO frameworks
Two leading commercial MDO frameworks are ModelCenter 17) by Phoenix Integration and iSIGHT 18) by Engineous Software. They are generic PIDO (Process Integration and Design Optimization) software that can be integrated with numerous components.
Model center
ModelCenter is a visual environment for process integration and design optimization. It enables process integration by connecting Analysis Servers in distributed nodes that act as agents for design and analysis programs such as CAD, CAE and PDM tools. With the graphical user interface (GUI), workflows can be created in a drag-and-drop fashion. It supports the integration of new components using JScript or VBScript. This flexible and extensible plug-in feature allows ModelCenter to link various components in the internet or an intranet environment including database sys-tems. As an optimization design methodology, it provides robust design, reliability-based design and six-sigma design. ModelCenter's design exploration tools include parametric studies, response surface modeling, design of experiments and carpet plots. Third-party design exploration software can also be integrated such as Design Optimization Tools (DOT) optimizer that performs gradient-based optimization.
iSight
iSight is a generic environment for process integration and design optimization that has evolved from Computer Aided Optimization software developed by General Electric Co. By connecting with the FIPER system, it can be seamlessly integrated into an enterprise-wide design environment. iSight provides both a GUI and MDOL (MDO Language) for constructing MDO problems. It can be integrated with CAD, CAM, CAE and PDM. It also supports various platforms including Windows, Linux and UNIX. Extensive libraries of design exploration tools are supported for optimization methodologies, the design of experiments, quality engineering and approximation methods. Independent design explorations can be processed in parallel on multiprocessor or distributed systems.
In-house MDO frameworks
Three in-house MDO frameworks: single PC-based, PLinda-based and PSE Portal MDO frameworks are described in this section.
Single PC-based MDO framework
MADE 8) is a single PC-based MDO framework for aircraft design. It consists of GUI, analysis modules, optimization modules, CAD modules and DBMS. All the modules are integrated in a single GUI environment and collaborate with each other, exchanging input/output data and design parameters through the DBMS in a local network.
MADE is developed using Cþþ and uses Oracle as DBMS, CATIA as a CAD program and VisualDOC 2.1 as an optimization program. Analysis codes can be easily integrated by using DLL (Dynamic Link Library) and Fortran/ Cþþ mixed language.
PLinda based MDO framework
iFuD is a distributed MDO framework for high temperature vacuum furnaces. To support a distributed environment, iFuD provides a generic middleware based on PLinda 9, 10) that is a shared memory distributed computing environment. Through the middleware service, GUI, DBMS, optimization modules and analysis modules exchange design information. It uses AutoCAD as a CAD program and integrates other programs into the AutoCAD by using ActiveX that is a faster interface than the native AutoCAD API such as AutoLisp and ADS. Also, Fortran-based DOT optimization code is integrated by using C/Fortran mixed-language.
PSE portal
Applying MDO methodologies to actual design problems requires the organization of various analysis tools and other resources, optimization aids and CAD software. Considerable time is required for the appropriate integration of these elements. Therefore, an integrated MDO environment is necessary to conduct such processes more conveniently and efficiently. We have been developing a PSE Portal for MDO methodologies, providing an environment that enables designers to utilize design resources conveniently, even without a working knowledge of the systems. Furthermore, the PSE portal yields an optimal MDO environment by allowing for global collaborative sites which securely share design resources, and also by offering users an efficient interface.
Problem solving environment (PSE)
A PSE should be able to solve extremely complex mathematical models, manage massive quantities of data, use high performance resources, construct a collaborative environment for experts, and utilize remotely scattered resources. The characteristics required for a PSE are detailed as follows. 19) Problem-oriented: a PSE should be a convenient portal for clients to use the system, even if they have no knowledge of the details of how the system functions.
Distributed and integrated: since a single computing system may be insufficient for complex operations and massive scale data processing, resources should comprise a distributed environment which should, furthermore, be concatenated for effective management.
Collaborative: a PSE should allow the construction of a virtual organization (VO) and should provide design experts with an intuitive and convenient user interface for a collaborative environment.
Persistent: operations that are complex and time consuming should maintain operative status at all times. Data for problem solving, instead of being disposed of, should be constantly managed and preserved and should be retrievable from the database without any time constraints.
Open, flexible and adaptive: the PSE portal should be a flexible and open environment that can add or remove resources according to demands rather than just integrating specified resources.
Security: security is a crucial issue for a distributed environment based on web services. The system should be open only to classified users who have permission to use it. In addition, data transmission should be reliable and stable.
PSE portals are being widely studied for their problemsolving applications in various science and engineering fields. Prominent examples include the BioGrid Application Toolkit 20) in the biomedical field and Medical Image Analysis 21) in the medical field. Other applications include the e-Science Aerospace Integrated Research System (e-AIRS) 22) for flow field computational analysis and remote wind tunnel test services, Grid-Enabled Computational Electromagnetics (GECEM) 23) for integrated computational simulation and visualization, GEODISE (one of Britain's pilot projects), 24) and the Distributed Aircraft Maintenance Environment (DAME) 25) for the remote monitoring of aircraft engine status.
Architecture of the PSE portal for MDO
The PSE portal for MDO should be capable of both massive data transmission and management of the resources that constitute the system. In addition, design experts require an environment where they can carry out their design work more conveniently without knowing the details of the system functions and where their information is protected. We have developed the architecture of the PSE portal in response to these requirements. Figure 1 shows the architecture of the PSE portal for MDO. The architecture includes the user interface, problem description management, security management, workflow management, resource management, and data management, allowing for user convenience and intuition.
The workflow management service allows the designer to easily use the environment and to efficiently utilize the scattered resources. This is necessary because engineering designer need to obtain results by defining a simple process without understanding the flow of the internal functions.
Data management takes charge of the list of input and output data and the link configuration of the data. The resource management service provides the design object for which the requirement analysis is done with suitable resources, and uses the resource monitoring service to confirm the availability of the resources to the user.
The problem description management service consists of project and task management. A project refers to a management unit involving multiple designs, whereas a task entails a single design. The user selects an analysis module, which may or may not be optimized, and decides on which parameter to use to optimize cost or size.
To integrate spatially scattered design resources and disciplines for a design, it is necessary to share resources. This raises associated security issues, which should be addressed. Security management is divided into user-level security and system-level security and is handled by the security management service.
The PSE portal for MDO employs a problem oriented workflow, data management, collaborative UI, project description management for integration, resource management, security management, and DBMS for maintenance. By using a standard middleware GT4, design resources can be easily added or deleted in the PSE portal.
Application of the PSE portal
Aero vehicles are classified into a variety of configurations, such as passenger airplanes, fighters, very light jets (VLJ), missiles and unmanned aerial vehicles (UAV), etc. A designer who wants to design an aero vehicle should compose an MDO framework on the PSE portal. The proper MDO framework depends on the design target. Once the MDO framework has been constructed, the designer is ready to begin a substantial MDO based design. The designer may create a new project using the Project Management service or open an existing project. A task is constructed in the project, and projects and tasks can be stored for the future use.
The process flow for constructing an MDO framework on the PSE portal is as follows: first, the designer defines a target aero vehicle and analyzes its requirements. Next, the designer uses the Resource Management service to search for and select resources such as analysis codes, optimization codes, and CAD tools from the resource repository. The resource repository uses specific rules to store resources registered by individuals or agents. Once the resources are selected, the designer defines the design process using the Workflow Management service. The Data Link Management service is then used to define relationships between the resources. The system automatically creates agents for each resource and DB tables for storing the input and output data. This feature provides the designer with a more convenient MDO optimization environment. The Agent Management service wraps and parses the input and output data in the way that the resource requires. Meanwhile, the Workflow Management service helps the designer easily define the design process and executes the distributed design resources according to the defined process.
Systematic Process for Quantitative Analysis of MDO Framework
In this section, we give a brief overview of the proposed analysis process for the MDO framework. First, we present two well-known methods, AHP and QFD. Then, we describe the proposed analysis process that incorporates these two methods.
AHP
The Analytic Hierarchy Process (AHP) method has been used to analyze system requirements for initial evaluation of items and weighting factors. This method, developed in the early 1970's by T. Saaty, is a decision making scheme based on pair-wise comparison between entries over an hierarchy in order to determine the knowledge, experience, and intuition of a supervisor. 15) The method has been applied for the aeronautical research field for choosing the repairing service company of aircraft propulsion engines, 26) selecting the optimal sizing of Korean mid-level passenger airplanes and determining the evaluation standard for commercial airliners, 27) etc.
The AHP has advantages when it comes to hierarchical representation of complex decision making problems, and has the ability to measure the metrics of not only quantitative elements but also qualitative elements simultaneously. Hence, as various evaluation items including both quantitative and qualitative ones have already successfully been taken into consideration using the AHP method to guide aircraft design, the AHP method may be effectively adopted here for the identification of major evaluating items and the assigning of weighting factors for MDO framework development.
QFD
The Quality Function Deployment (QFD) method will be utilized to determine detailed evaluation of items from the relationship between MDO framework system requirements and technical characteristics. In general, the QFD is mainly adopted during the brainstorming and initial design phase of a new product and is, occasionally, utilized for the purpose of reducing development time while reflecting the customer's requirements on the concurrent design. Hence the feature that the QFD enables is the conforming of a customer's requirements to the technical characteristics of the merchandise and subsequently, to the design of parts, the manufacturing process design and, finally, the detailed specifications for mass production. The method is known to improve the inter-communication between technical departments intended to provide better quality of products and services. This has been successfully demonstrated in the US and Japan to identify the main function of the merchandise along with the user's point of view. 16, 28) 
Overview of the quantitative analysis process
The concept of the proposed systematic process for quantitative analysis using AHP and QFD is illustrated in Fig. 2 
Assessment of MDO Frameworks
The results of MDO framework analysis using the proposed method will be presented in this section. The results include identification of the reference MDO frameworks, determination of weighting factors of assessment criteria, quantitative identification of reference MDO frameworks and assessments of three in-house aircraft MDO frameworks. 4.1. Identification of MDO framework assessment criteria and solutions Two different types of MDO frameworks; a general engineering MDO framework and an aircraft design oriented MDO framework, were considered for the identification of the reference MDO frameworks. The identification of each reference MDO framework was carried out through the selection of a proper set of assessment criteria and by providing a list of framework solutions satisfying the selected assessment criteria. An international standard for the evaluation of software quality, International Organization for Standardization (ISO)/International Electrotechnical Commission (IEC) 9126, was used for the main assessment criteria and the sub-criteria of the reference MDO frameworks.
The resulting assessment criteria are shown in Table 1 . For a detailed description of sub-criteria in Table 1 , the reader can refer to Krishnan. 13) For providing the reference framework solutions, a careful investigation of some existing commercial MDO frameworks and the NASA/CR report was performed and a brainstorming was also carried out by researchers and developers in the MDO framework fields including four engineers in MDO tool companies, as well as twenty graduate students and three professors from the aerospace engineering department. We identified twenty three framework solutions. Table 2 shows the descriptions of some solution examples.
Quantitative identifications of the reference frameworks were also made by determining the relative weighing factors of the assessment criteria. The detailed result will be discussed in the next section. 
Determination of relative weighting factors among the assessment criteria
For each main MDO framework assessment criterion and sub-criterion identified in the previous section, we determined weighting factors that represent relative importance within the same level in the criteria hierarchy. In order to evaluate the criteria objectively, we first collected opinions through the brainstorming by the group of aircraft design and framework development specialists. They were asked to give an importance value of between 1 and 9 to each criterion in which the higher number is assigned to more important items. Then we determined pair-wise weighting factors based on the importance values given by the respondents. Finally, we calculated normalized weighting factors by using AHP .  Figures 3(a) and 3(b) show the normalized weighting factors for the six main MDO criteria and the 21 sub-criteria respectively. As shown in Fig. 3(a) , reliability is evaluated as the most important criterion in designing an MDO framework while portability is the least important. This result is consistent with our intuition that reliable frameworks are preferable from the user's point of view when the provided functionalities are similar. The importance of portability is relatively small because hardware environment changes are infrequent and changes are mostly made to a compatible environment. Figure 3 (b) can be obtained by multiplying the normalized weighting factors of major criteria and corresponding sub-criteria. Note that fault tolerance gets a low weighting factor because the relative importance of fault tolerance is very small within the reliability criteria as a whole.
Similarly, the relative weighting factors of the sub assessment criteria for the aircraft MDO framework were obtained as shown in Fig. 4 . Compared to the relative weighting factors for the general MDO framework, the importance of Maturity and Understandability becomes less since the possible users and applications are now more specific. On the other hand, since the specific applications require a high level of confidentiality, the importance of security becomes reasonably higher.
Quantitative identification of MDO frameworks
As described in Section 3.3, we constructed the QFD matrix and used the main criteria and sub-criteria with their weighting factors obtained in the previous step for the customer importance values of the 'What' part of QFD. Also, we scored relevance value between each sub-criterion and functional solution using the average relevance value obtained from the same respondents in the previous section.
Then, using the QFD matrix, both the general and the aircraft MDO frameworks were quantitatively identified in such a manner that the sum of the product of the relevance values for each solution and each assessment item of the reference MDO frameworks was evaluated. Figure 5 shows the result for the general MDO framework.
Similarly, the QFD results were obtained for the aircraft MDO framework and the comparison of the reference frameworks in each assessment item is shown in Fig. 6 . The difference in assessment items of the reference frameworks seems very similar to that in the customer importance of the reference frameworks. These results will be used as the design guidelines or the references for the assessments of the in-house MDO frameworks as described in the next section.
Assessment of MDO framework
To evaluate three in-house MDO frameworks, the solutions provided by the in-house MDO frameworks were firstly analyzed as shown in Table 3 then the assessments of the three in-house MDO frameworks were performed by calculating the sum product of the relevance values for each assessment item. Figure 7 shows the assessment results for the in-house MDO frameworks with respect to the general reference MDO framework. From the single PC-based, PLinder based to the PSE framework, a continuous improvement in all the assessment items of in-house framework solutions is observed.
Meanwhile Fig. 8 shows the assessment results for the PSE framework with respect to both the general and the 5 6.1 4.6 5.5 6.7 4.6 3.4 3.5 3.3 3.8 4.7 6.6 4.5 4.7 4.4 4.5 5.2 4.6 5.2 3.0 2.3 4.3 3 3.9 4.8 4.2 4.1 3.5 4.7 3.4 3.9 3.6 3.2 3.7 3.0 4.5 4.8 4.1 5.3 3.1 3.4 3.3 3.1 1.7 1.7 3.7 5 4.8 4.3 4.2 3.8 4.1 5.2 3.2 4.5 3.0 3.9 2.3 2.5 5.6 4.7 4.7 3.2 3.2 3.3 3.1 1.7 2.3 7.0 1 6.1 4.5 5.8 2.9 5.4 4.2 3.8 5.3 4.3 5.5 4.2 4.2 3.9 4.4 3.0 1.7 6.3 aircraft oriented reference frameworks. Since the in-house PSE MDO framework is being developed for an aircraft design in particular, the evaluation result of the in-house PSE framework shows, in general, a better agreement with the aircraft guideline. Several assessment items such as operability, adaptability, accuracy, security etc., in which further improvements may be necessary, can be clearly grasped in Fig. 8 . Other necessary solutions to be added in addition to the current in-house frameworks can be listed as shown in Table 3 .
Conclusion
In this paper, we have proposed and implemented a systematic approach for evaluating an MDO framework. Using the approach described, we quantitatively identified the reference MDO frameworks, evaluated the in-house MDO frameworks, and provided the framework design guidelines.
While the results proved the feasibility of the proposed approach, the method is general not to be limited to the application of interest in this paper. 
